The effect of interferon on the synthesis of the RNA species and proteins of vesicular stomatitis virus has been studied in two cell types. Virus protein synthesis is inhibited by interferon despite the apparent presence of near normal amounts of virus RNA with sedimentation values characteristic of virus messenger RNA. The synthesis of those virus RNA species which are completely dependent on virus protein synthesis is preferentially inhibited in interferon-treated cells. These results are most consistent with a model of interferon action postulating a primary effect on translation of virus messenger RNA.
INTRODUCTION
The mechanism of the antivirus action of interferon still remains controversial. Of the several models that have been proposed, two have received considerable emphasis. These are, first, that interferon exerts its antivirus effects in vivo primarily by an inhibition of transcription of virus mRNA (Marcus et al. I97I ; Oxman & Levin, I971 ; Manders, Tilles & Huang, 1972) and secondly, that the effects derive from a direct inhibition of translation of the virus mRNA (Joklik & Merigan, I966; Stampfer, Baltimore & Huang, I969; Metz & Esteban, ~972; Metz, Esteban & Danieleseu, I975) . Here we present data relating to these two models which show that the effect of interferon on transcription of vesicular stomatitis virus (VSV) RNA could result from a prior inhibition of translation.
Our experiments were prompted by the observation that cycloheximide totally inhibited the appearance of two classes of VSV-RNA sedimenting in sucrose gradients at 2oS and at 4eS (Stampfer et al. 1969; Huang & Manders, I97e; Palma, Perlman & Huang, I974; Baxt & Bablanian, I976a) as well as causing a more moderate inhibition of the synthesis of the two classes of VSV messenger RNAs (mRNA) as has been previously reported (Baxt & Bablanian, ~976a) . Since it was apparent from the above observation that the synthesis of 2oS and 4eS VSV-RNA was completely dependent on protein synthesis, it was decided to test the effects of interferon on the synthesis of all classes of VSV-RNA. This study also includes an analysis of the effects of interferon on VSV protein synthesis. In these experiments, human interferon and both human and monkey cell lines were used.
METHODS
Cell lines. LLC-MK2, a continuous monkey kidney cell line, and U cells, a continuous human amnion cell line, were maintained in monolayer culture in reinforced Eagle's medium (REM; Bablanian, Eggers & Tamm, I965), supplemented with Io ~ foetal calf serum (FCS).
Virus. VSV (Indiana serotype) was grown in BHK 2[ monolayers and infectious virus was partially purified as described previously (Baxt & Bablanian 1976 a) . Virus was measured by plaque titration in BHK 2I, LLC-MK2 and U cells. The plaquing efficiency of VSV is the same in LLC-MK2 and BHK 2I cells (Baxt & Bab] anian, I976a). During the course of this study, it was observed, however, that titration of virus on U cells gave an apparent Io-fold reduction in infectious titre (data not shown). Therefore, when experiments were carried out in U cells, the multiplicity was determined from the plaque titre on these cells.
Interferon. Crude, concentrated human interferon was a generous gift of Dr J. Vilcek, New York University Medical School and had been prepared in human foreskin fibroblasts (FS-4) by induction with poly(rI), poly(rC). It had a titre of 2-5 x IO 4 units/ml on a plaque reduction assay in LLC-MK2 cells using VSV as challenge. As assayed by the reduction of single cycle yields, the U cells were more sensitive than the LLC-MK2 cells to the interferon (IF). In the U cells a I[5oo dilution resulted in a r log yield reduction, whereas in the LLC-MK2 cells this was achieved by an interferon dilution of I[ro.
Determination of virus RNA synthesis in interferon treated cells. Tissue culture dishes (60 x 15 mm, Falcon) were seeded with I x lO 6 cells, and incubated overnight at 37 °C in a humidified COs incubator. They were then treated with various concentrations of interferon in REM with 5 ~ FCS for 24 h. During this time, cells were pre-labelled with l~C-uridine (o.z #Ci/ml) as described previously (Baxt & Bablanian, I976a) . This permitted a determination of the specific activity of the virus RNA by expressing the 3H ct/min/~ooo 14C ct/min. Duplicate cultures were used in all experiments. Half an hour before infection, cells were treated with 3 ml of REM containing actinomycin D (Act D, 5/zg/ml). They were then infected with VSV at a multiplicity of zoo p.f.u./cell. After a I h adsorption period, the virus was removed and 4 ml of REM containing 5 ~ FCS, Act D (5 #g/ml) and 3H-uridine (25/zCi/ml) was added to each dish. In some cultures cycloheximide (3oo/zg/ml; ActiDione, Mann Research Laboratories, New York) was also included from the time of infection. After labelling for 3 h, the RNA was extracted with SDS and analysed on sucrose gradients as previously described (Baxt & Bablanian, 1976 a) . To compare different gradients, the total 3H count in each gradient was determined. Each fraction was expressed as a percentage of the total, this figure multiplied by the specific activity of the sample, and the gradients replotted. In order to measure any difference between similar peaks in different samples the following procedure was used. The total area of the gradient was determined with a K & E compensating polar planimeter (K & E Company, Morristown, New Jersey). The area under each peak was similarly determined and expressed as a percentage of the total. This figure was then multiplied by the specific activity of the sample.
Determination of virus protein synthesis in interferon treated cells. Cells were pre-treated with interferon and infected as described above. Virus protein synthesis was determined by pulse-labelling cells for 2o min at 4 h after infection with 35S-methionine (20/~Ci/ml). Cell extracts were analysed by polyacrylamide gel electrophoresis and autoradiography as described previously (Baxt & Bablanian, I976b) . Specific activity (ct/min//zg protein) was determined as previously described (Baxt & Bablanian, I976b) . Autoradiograms were scanned with a Zeineh Soft Laser Scanning Densitometer (Biomed Instruments Inc., Chicago, Illinois) equipped with an integrator. The specific activity of each virus protein was determined by multiplying the percentage of the total scan occupied by each peak by the specific activity of the sample. The calculations could only yield approximate values for the specific activity of virus proteins because of the variable contribution of host proteins at different interferon concentration ( Fig. 7 and 8) .
Labelled precursors. 5,6-3H-uridine (specific activity 45 Ci/mmol) and ssS-l-methionine (specific activity zoo to 4oo Ci/mmol) were purchased from New England Nuclear Corporation, Boston, Massachusetts. 2-x4C-uridine (specific activity 55mCi/mmol) was purchased from Schwarz/Mann, Orangeburg, New York.
RESULTS

Pattern of virus RNA synthesis in U and LLC-MK2 cells and the effects of cycloheximide
Sucrose gradient analysis of virus RNA synthesized in LLC-MK2 and U ceils is shown in Fig. x a, e, respectively. The patterns differ in the two cell types. It can be seen that the 2oS RNA is the major component in LLC-MK2 cells, as previously reported (Baxt & Bablanian, 1976 a) . However, in U cells the 13 to 15 S virus mRNA constitutes the predominant component. In addition, newly synthesized genome RNA sedimenting at 42S is evident in U cells but is barely discernible in LLC-MKz cells. RNA sedimenting at 28S is evident in both cell types.
Cycloheximide (3oo #g/ml) in LLC-MK2 cells reduces the specific activity of the newly synthesized virus RNA by 47 ~o (Fig. i b) . Comparing the gradients in Fig. I a and b , it can be seen that the synthesis of 2oS RNA is completely suppressed in these cells. Since the Overall inhibition of virus RNA synthesis is greater than the total contribution of the zoS RNA, some inhibition of the synthesis of the other classes of virus RNA must also be occurring. (Fig. 2) , or (b) U cells (Fig. 3) were quantified as described in Methods.
In U cells, cycloheximide again completely suppresses the synthesis of 2oS RNA, and in these cells a complete inhibition of the synthesis of 42S RNA can also be seen (Fig.  i c, t 0 . The overall effect of cycloheximide is much greater in U cells compared to LLC-MK2 cells, the specific activity of the total virus RNA being inhibited by 95 %.
The effects of interferon on the synthesis of VSV-RNA
The effects of different amounts of interferon on the synthesis of virus RNA in LLC-MKz and U cells is shown in Fig. 2 and 3 , respectively. It can be seen that 2oS RNA in LLC-MKa cells (Fig. z) and both zoS and 4aS RNA in U cells (Fig. 3) are the species most sensitive to inhibition by interferon. Indeed, this is confirmed when the effects of interferon are measured. The effects of interferon on the specific activity of each virus RNA peak was determined as described in Methods, and the results are shown in Fig. 4a, b . The results also show that the U cells are markedly more sensitive than the LLC-MK2 cells to the inhibitory effects of interferon on the synthesis of virus RNA (please note differences in the abscissa in Fig. 4a and b) . This is similar to the effects of cycloheximide on the two cell types.
Effects of interferon on virus protein synthesis
All five major VSV specific proteins (Wagner et al. I969) are evident in both cell types, as seen in the autoradiograms of polyacrylamide gel electrophoretic analysis of proteins extracted from infected cells (Fig. 5A and 6A ). Densitometric scans of the gels are shown in Fig. 7 and 8. The effect of interferon is to cause a progressive inhibition in the rate of synthesis of virus proteins in both cell types (Fig. 5 B to E, 6B to D, 7, 8). The inhibition was measured as described in Methods. The results indicate that all virus proteins are progressively inhibited by increasing amounts of interferon to a similar degree (data not shown). It is of interest to note that there is an apparent decrease in the virus induced inhibition of host polypeptide synthesis with increasing amounts of interferon (compare Fig. 7 a with 7 e, and Fig. 8 a with 8 d) . The effect of interferon and cycloheximide If the effects of interferon were only to inhibit translation it would be expected that virus RNA synthesized in the presence of cycloheximide would not be further suppressed by interferon. However, this is not the case. Fig. 9 compares the effects of interferon together with cycloheximide (Fig. 9b, d) , with cycloheximide alone (Fig. 9 a, c) . In the case of LLC-MK2 cells (Fig. 9a, b) there is a 3o ~ decrease in the specific activity of the RNA synthesized in the presence of cycloheximide when interferon is added. In the case of the U cells there is a 53 ~ decrease in the specific activity of the virus RNA when interferon treatment is combined with cycloheximide compared to cells treated with cycloheximide alone. Presumably, the RNA made in the presence of cycloheximide represents primary transcripts (Wertz & Levine, I973; Palma et al. I974) . These results, however, do not definitively show a primary effect of interferon on transcription, and an alternative explanation for these results will be considered in the Discussion.
DISCUSSION
The virus RNA species that appear in VSV infected cells include the following: 42S RNA which represents newly synthesized genome RNA (Stampfer et al. I969) ; the 2oS RNA which is seen in cells infected at high multiplicity is concerned with replication of defective-interfering particles (Stampfer et al. (Wertz & Levine, I973; Palma et al. 1974; Baxt & Bablanian, I976a) . On the other hand, the 28S and 13 to I5S mRNAs are products of both the input virus transcriptase (Huang & Manders, I97z; Wertz & Levine, I973) and of reactions requiring virus protein synthesis, and are, therefore, a mixture of primary and secondary transcripts (Perlman & Huang, I973) . Presumably only the latter is sensitive to cycloheximide (Perlman, I975) . We have shown that those virus RNA components, (i.e. 42S and 2oS), the synthesis of which is completely dependent on virus protein synthesis, are most sensitive to inhibition by interferon. The inhibition of synthesis of the other VSV-RNA species (I 3 to I5S and 28S mRNAs) in interferon-treated cells is less marked. This could be accounted for by an inhibition of that component of these RNA species which is dependent on virus protein synthesis. In contrast, virus protein synthesis appears to be uniformly inhibited in both cell types. The U cells are more sensitive to the human interferon, as manifested both in yield reduction assay and in the effects of virus RNA and protein synthesis described above.
In LLC-MK2 cells, interferon at a dilution of I/4o results in approx. 6o ~ inhibition of virus protein synthesis during a 20 min pulse, as calculated from the densitometric scans shown in Fig. 7 and 8 . This inhibition occurs despite the presence of an abundance of 28S and 13 to I5S virus RNA which, at this concentration of interferon, is inhibited by 5 to I5 ~ (Fig. 5a) . Similarly in the U cells, interferon at a dilution of I[5oo also causes a 6o to 7o ~ inhibition of virus protein synthesis despite the presence in the cell of 28S and ~3 to I5S virus RNA which is present at approx. 7 o ~ of control values (Fig. 4b) .
It should be made clear that it is virus protein synthesis that is being inhibited by interferon pre-treatment. The specific activities of the virus proteins were calculated from the densitometric scans as described in Methods. It is of interest that the autoradiograms (Fig. 5 and 6 ) and the densitometric scans ( Fig. 7 and 8 ) derived from them, both clearly show that host protein synthesis is decreasingly inhibited with increasing interferon concentration. Althoughwe have not proven that 28 S and 13 to 15 S virus RNAs represent mRNAs, the work of others (Mudd & Summers, I97O; Huang, Baltimore & Stampfer, I97o; Both et al. I975) indicates that these classes of virus RNA have messenger functiom It is, of course, possible that the virus mRNA synthesized in the presence of interferon is aberrant, and unable to be translated, either because of defective transcription or post-transcriptional modification. The selective inhibition of 42S and 2oS virus RNAs is taken as presumptive evidence for a primary effect of interferon on translation. That interferon can inhibit virus protein synthesis is well documented. Experiments in cell-free systems (Friedman et al. I972; Falcoff et al. I973; Gupta, Sopori & Lengyel, 1973; Samuel & Joklik, 1974) as well as in intact cells (Yamazaki & Wagner, I97o; Sonnabend & Friedman, I973) have indicated that interferon can indeed have such an effect.
The further inhibition of virus RNA synthesis by interferon in the presence of cycloheximide was also reported by Repik, Flamand & Bishop (I974) . There is evidence that in the presence of cycloheximide and other inhibitors of protein synthesis elongation, mRNA is stabilized in vivo (Singer & Penman, i972; Allende, Allende & Firtel, 1974) . If interferon inhibits virus protein synthesis by inhibiting the formation of polysomes (Joklik & Merigan, I966; Metz et al. I975) , then the protective effect of cycloheximide on the mRNA would be abolished allowing nuclease degradation to occur. Such an explanation was also suggested by Repik et al. 0974) .
Our work has provided two new observations. First, that virus protein synthesis is inhibited in interferon-treated cells despite the presence of near normal amounts of virus messenger RNA, and secondly, that virus RNA synthesis is differentially inhibited by interferon, those classes dependent on virus protein synthesis, 42S and 2oS RNAs being the most severely inhibited. While these observations do not definitely prove a primary effect of interferon on translation, they are most consistent with such an explanation. An effect on virus transcription as proposed by Marcus et al. (1970 and Manders et al. (t972) cannot, of course, be definitely excluded, particularly on the evidence of the differential sensitivities to inhibition of the various classes of virus RNA. However, we feel this is unlikely in view of our demonstration that virus protein synthesis is inhibited despite an abundance of virus mRNA within the cell. Thus, all the observed effects of interferon in this system could be the consequence of a primary effect on translation of virus mRNA.
